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Abstract. Automatic control of the matching of the ITER ICRH antenna array on a reference
load is presently developed and tested for optimization on a low-powered scaled (1:5) mock-up.
Resilience to fast load variations is obtained either by 4 Conjugate-T (CT) or 4 quadrature hybrid
circuits, the latter being the reference option. The main results are (i) for the CT option: successful
implementation of the simultaneous feedback control of 11 actuators for the matching of the 4 CT
and for the control of the array toroidal phasing; (ii) for the hybrid option: the matching and the
array current control via feedback control of the decouplers and double stub tuners. This system is
being progressively implemented and the simultaneous control of matching and antenna current has
already been successfully tested on half of the array for heating and current drive phasings.
Keywords: Load-resilience, Conjugate-T, hybrid, antenna, matching, ITER, ICRF
I. INTRODUCTION
For the ICRF heating or current drive of ITER, 20MW must be coupled to the plasma
in the 40–55MHz frequency band via a tight array of 24 radiating shorted straps fed by
four power lines. The straps are grouped in 8 triplets and connected to 4-port junctions.
The matching system must be resilient (|Γ| < 0.2) for a wide range of fast antenna
load variations – with respect to the reference load – due to the ELMs. In addition, the
matching system must include control of the currents in the straps to impose the radiation
spectrum of the array for plasma heating or current drive. The proposed matching
systems alleviate the adverse effects of strong mutual coupling between the matching
circuits and power sources by the use of appropriate decoupler circuits. The two options
considered for ITER are examined: the circuit using four 3dB hybrids, which is the
reference option, and the one using four Conjugate-T matching circuits, which is the
back-up option [1]. The automatic matching systems are tested on a mock-up (scale
1:5) of the antenna plug facing a movable waterload at a frequency of the ITER band
multiplied by the inverse of the scale factor.
II. MATCHING SYSTEM AND ALGORITHMS
Conjugate-T
Figure 1 shows the layout of the antenna plug (mock-up) followed by the 8 toroidal
decouplers, the 4 CT circuits and the 4 second matching stages. Preset are: (i) the loca-
tions of the 6 toroidal decouplers at voltage anti-node (A–H), (ii) the central impedance
of each decoupler to minimize the mutual coupling between adjacent matching circuits,
(iii) the second stages to set the best impedance ZCT at the output of the CT’s for load-
resilience (from modeling) and (iv) the forward power of the 4 sources to set the relative
voltage amplitudes in A–H (also from modeling). Two feedback loops are acting simul-
taneously on the system: (i) the matching feedback on the two tuning stubs of each CT
(A–B, C–D, . . . ) to bring below a chosen threshold the reflection coefficient of each
generator and (ii) the phase feedback acting on the generator’s relative phase to control
the phase of the voltages at the ports A–H in order to control the strap current phasing.
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FIGURE 1. Conjugate-T matching circuit (mock-up)
The matching algorithm for the feedback is straightforward: for each CT the 2 stubs
are displaced one after the other, if the magnitude of the reflection coefficient at their
corresponding power source increases, the direction of their displacement is reversed
(see the principle on Figure 2, left-side). Full details are given in [2].
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FIGURE 2. Matching algorithms: a). Conjugate-T (left-side) and b). hybrid (right-side)
3dB Hybrid
Figure 3 shows the layout of the hybrid matching circuit: four 3dB hybrids are
connected to lines from adjacent poloidal triplets (∆Φ = pi/2) and fed by four power
sources with preset phase and same forward power. The locations A–H are also preset at
voltage anti-node by 20Ω line stretchers. Various simultaneous feedbacks are active:
(i) feedback on the double stub tuners (A–H and A’–H’) to minimize the reflection
coefficient amplitude at the outputs of each hybrid and (ii) feedback on the poloidal
decouplers and either the toroidal ones (case of current drive phasing) or the toroidal-
poloidal ones (case of heating phasing) to control the amplitude at the voltage anti-node
points A–H while maintaning the mutual coupling at a low level [1] [3].
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FIGURE 3. 3dB hybrid matching circuit (mock-up)
The matching algorithm uses Γ on each line: the first stub alters the real part of Γwhile
the second – at an eighth of the electrical wavelength λ0 (mid-band frequency) further
– alters the imaginary part. To avoid phase measurements, error signals are derived that
solely use voltage magnitudes. The resulting algorithm is displayed on Figure 2 (right-
side) and shows the voltage magnitude probes at a distance d1 and d2 respectively of the
second junction (A’–H’) as well as expressions for εSt1 and εSt2 .
Feedback on the decouplers to place points A–H at equal voltage amplitude uses
measurements of the voltage magnitude at the 8 input ports of the circuit and the
magnitude difference is used as error signal as shown on Figure 4 (left-side). Due to
the phase difference between the two ports of a decoupler: 23 of the 26 actuators are
feedback controlled at a time (depending on the type of heating or current drive), the
others being preset. All tunable stubs use bang-bang control and position and velocity
control of the line stretchers is achieved via Pulse Width Modulation.
Finally, the circuit is being progressively implemented and already half of the system
has been succesfully tested. For example, Figure 4 (right-side) shows voltage magni-
tudes (A–D as indicated on Figure 3) converging after an abrupt change in antenna load.
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FIGURE 4. Hybrid decoupler: schematic (left) mock-up measurement (right)
III. RESULTS
Load-resilience for Ra,eff ≈ 2Ω/m and current drive (0,pi/2,pi,3pi/2) is shown in Fig-
ure 5. Similar results have been obtained for various heating scenarios: (i) 0,0,pi,pi;
0,pi,pi,0; 0,pi,0,pi for the CT circuit and (ii) 0,0; 0,pi for the hybrid circuit. In the case
of the hybrid circuit, simultaneous control of 12 actuators has already been achieved.
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FIGURE 5. Load-resilience Conjugate-T circuit: simulation (left) and mock-up measurements (right)
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FIGURE 6. Load-resilience 3dB hybrid circuit: simulation (left) and mock-up measurements (right)
Finally, good correlation between simulations and measurements is observed as well
as superior performance of the hybrid matching circuit.
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